Introduction
Wholly alicyclic polyimides have attracted much attention in recent years in the applications as optoelectric or microelectric materials, because of their good thermal stability, better colorless transparency, and low dielectric constant. [1, 2] Generally, the synthesis of alicyclic polyimides with high molecular weights by the conventional two-step method starting from alicyclic diamines and dianhydrides is sometime difficult due to the salt formation of pendant carboxyl group of the poly(amic acid)s with highly basic amino group of the alicyclic diamines. [1, 3, 4] Therefore, other synthetic methods have been reported: the high temperature solution imidization method starting from alicyclic diamines and dianhydrides [5, 6] and the acidchloride method starting from aliphatic diamine and alicyclic tetracarboxylic acid diester dichloride. [7] Korshak and his group demonstrated that aliphatic-aromatic polyimides could be obtained satisfactorily using N,N'-bis(trimethylsilyl)-substituted hexamethylendiamine and 4,4'-oxydiphthalic anhydride. [8] The polyaddition of the N silylated diamine to the dianhydride produced the soluble poly(amic acid silyl ester)s with high molecular weight. We successfully applied this silylation method [9] to the synthesis of polydimethylsiloxane-containing polyimides [10] , aliphatic-aromatic polyimides [ 11 ] , and alicyclic polyimides. [12] In spite of the advantage of the silylation method, the main drawback of using N silylated diamines as polyimide-forming monomers is the relatively complicated handling because of their tendency to be hydrolyzed.
Therefore, in situ silylation method was reported to obtain the poly(amic acid silyl ester)s by the addition of trimethylsilyl chloride to the polyadditon of aromatic diamines to aromatic tetracarboxylic dianhydrides [13] . However, trimethylsilyl chloride reacts with the diamine to give N silylated diamine and hydrogen chloride. Sometimes, the use of polyimides containing small amount of chlorine atom are limited in the application for microelectronics.
In this study, we chose N,0-bis(trimethylsilyl)trifluoroacetamide (BSTFA) as a silylation agent in stead of trimethylsilyl chloride.
The reaction of BSTFA and diamine produces N silylated diamine with the elimination of volatile trifluoroacetamide.
This paper deals with the synthesis of alicyclic polyimides derived from poly(amic acid silyl ester)s by the polymerization of aliphatic tetracarboxylic dianhydrides and N silylated alicyclic diamines formed in situ by adding BSTFA to the diamines.
Also the alicyclic polyimides were characterized with regard to thermal and optical properties. (C-N), and 749 cm-1(imide ring). Anal. Calcd. for (C21H26N204)n: C, 68.09%; H, 7.07%; N, 7.56%. Found: C, 67.04%; H, 6.64%; N, 7.43%. 2.4. Measurements IR spectra were recorded on a Jasco FT-IR 7300 spectrophotometer.
Elemental analyses were carried out on a Perkin Elmer 240011 CHNS/0 analyzer. Thermogravimetry (TG) and differential scanning calorimetry (DSC) were performed with a Seiko TG/DTA 320 and DSC 220, respectively.
UV-visible spectra were recorded on a Jasco V-570 UV/vis/NIR spectrophotometer.
Refractive index was measured by a Metricon model PC-2010 prism coupler at a wave length of 632.8 nm (He-Ne laser).
3. Results and discussion 3.1. Synthesis of polyimides (PIs) Aiccyclic PIs were prepared in two-steps: the ring-opening polyaddition using in situ N silylated alicyclic diamines, producing soluble poly(amic acid silyl ester)s (PASEs), which in turn undergo subsequent thermal imidization to
The synthesis of PASEs was carried out by polymerization of aliphatic dianhydrides and N silylated alicyclic diamines prepared in situ. insitu Silylation was performed by adding BSTFA into the diamine solution. Next, the dianhydride was added to the in situ N-silylated diamine solution. The effect of the amount of BSTFA on the polyaddition was investigated. When 50 mol% of BSTFA per mot of diamine was used, the salt, which was formed by the reaction of the carboxyl group of the half-silylated poly(amic acid)s with the amino group of the diamines, precipitated early in the polymerization. The clear and viscous polymer solutions were obtained as the polymerization proceeded. The polyaddition using BSTFA of 100 mol% or above smoothly proceeded in homogeneous polymerization system without the salt formation. Table 1 summarizes the results of the polyaddition of alicyclic diamines and aliphatic tetracarboxylic dianhydrides at room temperature for 6 h in the presence of a stoichiometric amount of BSTFA.
All the polyaddition successfully gave clear and viscous PASE solutions. The inherent viscosities of the polymers were ranging from 0.25 dL/g to 0.98 dL/g. PASEs were subjected to thermal imidization to be converted to PIs in the elimination of trimethylsilanol.
PASE films were heated stepwise up to 250°C. The IR spectra and elemental analysis for PI films were consistent with the chemical structure of the Other PI films were colorless, and transparent and free-standing.
Properties of PI films
The solubility of PIs was qualitatively examined in organic solvents. The results are summarized in Table 2 .
All of PI films dissolved in NMP and some polymers were soluble in other aprotic polar solvents such as N,N dimethylacetamide (DMAc), 1,3-dimethyl-2-imidazolidone (DM1) and dimethyl sulfoxide (DMSO).
The thermal behavior of PI films was evaluated by thermogravimetry (TG) and differential scanning calorimetry (DSC) techniques. These results are listed in Table 3 . The 5% weight loss temperatures (T5) of PIs in air and nitrogen atmosphere by TG were observed in the range of 320-365°C and 350-405°C, respectively. These values indicated that the polyimides containing alicyclic units had relatively good thermal stability.
The glass transition temperatures (Tg) of PIs derived from MBCA were in the range of 246-295°C, depending on the diamine component. High T s of about 290°C were observed for PIs derived from MBCA-NDA and MBCA-CBDA. Ts of a series of PIs derived from MBCA showed 10-20°C higher than those of PIs from NBDA.
The cast films of the resulting PIs were colorless and transparent. Figure 1 shows typical UV-visible spectra of the films.
The spectra show cutoff wavelengths of 255-270 nm, which are much shorter than that of aromatic polyimide derived from 4,4 oxydianiline (ODA) and pyromellitic dianhydride (PMDA).
The optical properties of the films are summarized in Table 4 . The colored nature of aromatic polyimides is due to the presence of intra-and intermolecular charge transfer (CT) complexes.
The good optical transparency of the alicyclic polyimides results from the absent of CT complexes in the polymers.
Refractive index of the films was determined by a prism coupler method. The resulting alicyclic PIs possessed lower refractive index of 1.53-1.55, compared with aromatic polyimide (ODA-PMDA) of 1.71. The dielectric constant of the materials at optical frequencies can be estimated roughly from the refractive index (n) according to Maxwell equation. The dielectric constant (e) around 1 MHz for the polyimides is evaluated to e=1.10n2 [3] .
The refractive index of 1.53-1.55 determined for the alicyclic PI Elms translates into the dielectric constant of 2.6, which was lower compared with aromatic polyimides (ODA-PMDA) of 3.22.
Conclusion
The clear, viscous and soluble poly(amic acid trimethylsilyl ester)s with inherent viscosities of 0.25-0.98 dL/g were successfully prepared by the addition of a silylation agent, N,0-bis(trimethylsilyl)trifluoroacetamide, to the ring-opening polyaddition of alicyclic diamines to aliphatic dianhydrides in a polar aprotic solvent at room temperature.
The films of the silylated poly(amic acid) precursors were readily converted by subsequent thermal imidization to colorless and transparent films of alicyclic polyimides with the elimination of trimethylsilanol. These alicyclic polyimides possess high glass transition temperatures of 223-295°C, and lower refractive index and lower dielectric constant, compared with the aromatic polyimide.
Thus, in situ N silylated diamine method will be a versatile and promising route for the synthesis of a variety of aliphatic polyimides from aliphatic diamines. Table   4 .Ontical nronerties of PI films
